We calculate the single-particle nucleon characteristics in symmetric nuclear matter with inclusion of the 3N interactions. The contributions of the 3N forces to nucleon self energies are expressed in terms of the nonlocal scalar condensate (d = 3) and of the configuration of the four-quark condensates (d = 6) in which two daiquiri operators act on two different nucleons of the matter. The most important part of the contribution of the four-quark condensate is calculated in a model-independent way. We employed a relativistic quark model of nucleon for calculation of the rest part. The density dependence of the vector and scalar nucleon self energies and of the single-particle potential energy are obtained. Estimations on contributions of the 4N forces to the nucleon self energies are made.
Introduction
The three nucleon (3N) interactions is an important ingredient of the nuclear matter theory. Various approaches to calculation of the 3N forces are considered nowadays -see, e.g. [1] , [2] , [3] and references therein. These calculations require certain phenomenological parameters. In QCD sum rules approach employed in the present paper the most important contribution of the 3N forces is expressed in terms of observables.
We calculate the contribution of the 3N forces to the single particle self energies and to the potential energy of the nucleon in symmetric nuclear matter employing the finite density QCD sum rules. The idea of QCD sum rules in vacuum was to express the characteristics of the observed hadrons in terms of the vacuum expectation values of the QCD operators, often referred to as the condensates. The method was suggested for calculation of the meson characteristics [4] . Later it was used for nucleons [5] , see also [6] . The approach was extended for the case of finite baryon density (see [7] and review [8] for references).
The QCD sum rules method in vacuum is based on the dispersion relations for the function Π 0 (q 2 ) = i d 4 xe i(q·x) 0|T [j(x)j(0)]|0 , describing the propagation of the system with the four-momentum q which carries the quantum numbers of the hadron (this is the proton in our case). Here j(x) is the local operator with the proton quantum numbers, often referred to as the "current". The form of j(x) is not unique. We employ the Ioffe current j(x) = (u T a (x)Cγ µ u b (x))γ 5 γ µ d c (x)ε abc (u(x) and d(x) are the quark operators, a, b, c are the color indices, C stands for the charge conjugation) often used in the QCD sum rules calculations [12] . The function Π 0 (q 2 ) is usually referred to as the "polarization operator". The dispersion relations are considered at large and negative values of q 2 . Due to the asymptotic freedom of QCD the polarization operator Π 0 (q 2 ) can be calculated as a power series of 1/q 2 and of the QCD coupling α s . In framework of the Operator Product Expansion (OPE) the large distances contribution is included in terms of the vacuum expectation values of the local operators, such as the scalar quark condensate 0|q(0)q(0)|0 , the gluon condensate 0|α s /πG a µν (0)G a µν (0)|0 , etc. The nonzero imaginary part of the polarization operator is due to the singularities of the function Π 0 (q 2 ) corresponding to real states with the quantum numbers of the proton. In the standard approach to description of the spectrum of the function Π 0 (q 2 ) the lowest lying pole (the proton) is written explicitly while the higher excited states are treated approximately. This is called the "pole+continuum" model. The position of the nucleon pole m, the residue of the latter λ 2 and the effective continuum threshold W 2 are the unknowns of the QCD sum rules equations. Thus the proton characteristics are expressed in terms of the QCD condensates.
The finite density QCD sum rules are expected to present the characteristics of the proton placed on the Fermi surface of nuclear matter in terms of the in-medium expectation values of the QCD operators. The left hand sides of the sum rules are obtained as power series in 1/q 2 of the in-medium polarization operator Π(q) = i d 4 xe i(q·x) M|T [j(x)j(0)]|M with |M the ground state of nuclear matter. The higher terms of expansion contain the condensates of the higher dimensions. Since we expect the expansion of the 1/q 2 series to converge, we expect the terms containing the condensates of the lowest dimension to be the most important ones. The vector and scalar quark condensates
have the lowest dimension d = 3. The sums are carried out over the quark flavors, ρ is the nuclear matter density. Note that the vector condensate (its expression is written in the rest frame of the matter) vanishes in vacuum. The "pole+continuum" model is used for the description of the spectrum of polarization operator. Thus characteristics of the proton pole which we call the probe proton are expressed in terms of the in-medium condensates. We shall see that these characteristics are the vector and scalar nucleon self energies. The condensates of the lowest dimension d = 3 contributing to the polarization operator are the vector and scalar expectation values expressed by Eq. (1). They correspond to exchange of vector and scalar fields between the nucleon and the matter. The contributions of dimension d = 4 are provided by the gluon condensate and by the nonlocality of the vector condensate. We do not discuss them here since they are numerically small. However, we include them in the calculations. Among the condensates of the higher dimension the four-quark expectation values M|q δ |M with d = 6 are the most important ones. Until now the QCD sum rules have been studied in the gas approximation where each condensate was presented as the sum of the vacuum value and nucleon density times expectation value of the same operator in the nucleon. In other words, the polarization operator interacted with each of the nucleons separately. This provided the characteristics of the probe proton corresponding to the lowest pole of polarization operator with inclusion of only the 2N forces between the nucleons of the matter. The vector condensate v(ρ) = n v ρ, where n v = 3 is the number of the valence quarks in nucleon, is exactly proportional to the nucleon density due to conservation of the vector current. In the gas approximation the scalar condensate can be written as
The nucleon matrix element for the nucleon at rest can be presented as
with σ N the pion-nucleon sigma term which can be related to observables [9] . In Eq. (3) m u,d are the masses of light quarks. In the gas approximation we included the contribution of the four-quark condensate in which all quark operators act on the same nucleon of the matter. Calculation of the fourquark expectation values N|q δ |N required model assumptions on the quark structure of nucleon. We employed the relativistic model suggested in [10] in the version described in [8] . The Feynman diagrams providing the main contribution to the nucleon parameters in the gas approximation are shown in Fig. 1 .
To find the influence of the 3N forces on the self energies of the probe proton, we must include the in-medium QCD condensates beyond the gas approximation, limiting ourselves, however to 2N forces between the nucleons of the matter. Following the previous analysis, we must calculate the scalar condensate beyond the gas approximation. We must include also the configurations of the four-quark condensates in which two pairs of quarks act on two different nucleons of the matter-see Fig. 2 .
The scalar condensate can be written as κ(ρ) = κ(0) + κ N ρ + S(ρ), with the function S(ρ) caused by the interactions of the nucleons of the matter. It is known [7] , [8] that the function S(ρ) is dominated by the pion cloud created by interacting nucleons. Thus it is determined by the expectation value π|qq|π = 2m 2 π /(m u + m d ). After the earlier calculations of the pion contribution to S(ρ) [12] , [13] more rigorous analysis was carried out in [14] in framework of the Chiral Perturbation Theory (CHPT). In [14] the function S(ρ) is obtained including the 2N and 3N forces between the nucleons of the matter. However, it is possible to extract the contribution corresponding to inclusion of only the 2N forces. Now we must include the contribution to the four quark condensate M|qΓ A qqΓ B q|M in which two pairs of quarks act on two different nucleons of the matter while the latter are at the same space-time point. These two nucleons suffer strong interaction (the "repulsive core" of traditional nuclear physics). The short range nucleon interactions is usually treated in the terms of quarks and gluons nowadays (see, e.g. the review [15] ). It was found in [16] that this interaction is due mostly to the Pauli principle for the quarks in the six-quark system. These ideas have been realized explicitly in the nucleon-nucleon potential suggested in [17] . In our calculations the form of the current j(x) insures the needed antisymmetrization.The latter effectively takes into account the main part of the nucleon short range interactions and we neglect the remaining part.
The most important scalar-scalar, vector-scalar and vector-vector contributions to the fourquark condensates can be obtained in a model-independent way. The scalar-scalar and vectorscalar condensates can be expressed in terms of the sigma term. Calculation of the other expectation values requires model assumptions on the quark structure of nucleons. We employ the same relativistic quark model [10] which we used in the calculations in gas approximation.
Thus the 3N interactions can be expressed mainly in terms of the pion-nucleon sigma term. We accept the conventional value σ N = 45 MeV [9] which is in agreement with the latest result σ N ≈ 44 MeV [18] . All calculations are carried out for symmetric nuclear matter, i.e. for the matter with equal number of protons and neutrons.
At the phenomenological value of saturation density ρ 0 =0.16 fm −3 the 3N forces diminish the value of the effective mass m * by about 25 MeV and subtract 37 MeV from the value of the vector self energy Σ V . The 4N interactions are expected to add about 100 MeV to m * , providing only small change of Σ V .
In Sec. 2 we recall the main features of the finite density QCD sum rules. In Sec. 3 we calculate the contribution of the nonlinear scalar condensate to the polarization operator. In Sec. 4 we obtain the contribution of the four-quark condensates. In Sec. 5 we find the contributions of the 3N interactions to the single particle self energies and to the potential energy for the symmetric nuclear matter. We summarize in Sec. 6.
Finite density QCD sum rules
The details of the finite density QCD sum rules approach are described in [8] . Here we just recall the main points. We introduce the 4-vector P = (m, 0) with m being the vacuum value of the nucleon mass (we neglect the neutron-proton mass splitting). The polarization operator Π(q, P ) =qΠ q (q, P ) +P Π P (q, P ) + IΠ I (q, P ) depends on the four-vectors q and P . To separate the singularities connected with the probe proton from those connected with the matter itself we fix the value of s = (q + P ) 2 putting s = 4m 2 . The polarization operator takes the form
The dispersion relations are written for each component Π i (q 2 ) (i = q, P, I). The imaginary parts on the right hand side of the dispersion relations describe the physical states with the proton quantum numbers and are approximated by the "pole+continuum" model [6] in which the lowest lying pole is written down exactly, while the higher states are described by continuum with the discontinuity corresponding to the OPE terms. Thus
Here 
where the lower index n is the dimension of the corresponding QCD condensate. (A 0 stands for the free three-quark loop). The terms with n = 3 correspond to the scalar and vector two-quark condensates contribution, while n = 6 for the four-quark condensates.
To suppress the heavier state contribution the Borel transform is used. It converts a function of q 2 to the Borel transformed function depending on the squared Borel mass M 2 . The Borel transformed OPE terms A n (q 2 ), B n (q 2 ) and C n (q 2 ) of (5) multiplied by 32π 4 (the factor 32π 4 is introduced in order to deal with the magnitudes of the order of unity) are denoted
The Borel transformed sum rules take the form
with
N m . Now we try to establish connection of our results with the picture based on the three-nucleon interactions. In our approach the parameters of the probe nucleon: the effective mass m * and the vector self energy Σ V are expressed in terms of the lowest dimension terms of the polarization operator in which the weakly correlated quarks are exchanged between the polarization operator and the matter. The scalar and vector nucleon self energies can be viewed as due to exchange of mesons (systems of strongly correlated quarks) between the probe nucleon and the nucleons of the matter. Thus the exchange by systems of strongly correlated quarks between the probe nucleon and the nucleons of the matter is expressed through those of weakly correlated quarks with the same quantum numbers between the current and the matter.
Start with the case of 2N forces. Including only condensates of the lowest dimension d = 3 we find the polarization operator to be determined by the vector and scalar condensates. This corresponds to the lowest order exchange by vector and scalar mesons between the probe nucleon and those of the matter. This picture is in agreement with that provided by relativistic nuclear physics [19] . However the four quark condensates (d = 6) also appear to be numerically important. The pairs of quarks can carry various combinations of the quantum numbers. These can be the scalar-scalar (SS), vector-vector (V V ), pseudovector-pseudovector (P P ), axial-axial (AA), tensor-tensor (T T ),vector-scalar (V S) and axial-tensor (AT ) combinations [8] , [20] . The probe nucleon exchanges by the mesons with the corresponding quantum numbers with one of the nucleons of the matter-see Fig. 3 .
Inclusion of the 3N forces leads to additional diagrams. The contribution to the polarization operator in the lowest dimension d = 3 corresponds to exchange by the scalar meson between the probe nucleon and the pion field created by two nucleons of the matter. The four quark condensate with two pairs of quarks acting on two different nucleons corresponds to exchange by mesons between the probe nucleon and two in-medium nucleons. The quantum numbers of the mesons are the same as in the case of 2N forces. These additional diagrams are shown in Fig. 4 .
Note that the density dependence of the nucleon self energies is not linear even in the gas approximation. For the nucleon with four-momentum q (see, e.g. [19] )
In the gas approximation the self energies Σ s , Σ v and Σ q are proportional to ρ. After inclusion of the 3N interactions they contain also the terms proportional to ρ 2 . The self energies obtained in the sum rules analysis also have this feature since it follows from Eqs. (6,7) that
3 Contribution of the nonlinear scalar condensate to the polarization operator
Recall the scalar condensate enters only the coefficientB 3 in Eq. (7)
The function E 1 (x) = 1 − (1 + x)e −x with x = W 2 m /M 2 includes the contribution of continuum, the factor r Xn = 1 + α s π c Xn , accounts for the QCD coupling α s correction with the coefficients c Xn presented in [8] includes the logarithmic corrections. Following [14] we present
and σ ef f N (ρ) = σ N if the interactions between the nucleons of the matter are neglected (here we omit small corrections caused by the kinetic energy of the nucleons).
The difference σ ef f N (ρ) − σ N was calculated in [14] with inclusion of the 2N and 3N forces between the nucleons of the matter. The authors calculated the one pion exchange including the iterations and the two pion exchange with only the nucleons in the intermediate states and with virtual ∆ isobar excitations. They included also the contact ππNN vertices which are specific for the CHPT. The contributions of two pion exchange with only the nucleons in the intermediate states contain logarithmic divergence at large values of the pion momenta. This requires introduction of the cutoff µ (it is denoted as λ in [14] ).
Fortunately it is possible to separate the contribution of the 2N forces in the results obtained in [14] . One can write σ (4, 6, 7, 11, 14, 17, 18, 20) of [14] . Numerically largest contributions are provided by the iterated one pion exchange and the two pion exchanges with ∆ isobars in intermediate states. However, they come with opposite signs, canceling each other to large extent. The final result depends on the value of the high momentum cutoff µ. In Fig. 5 we present the function σ ef f N (ρ) calculated for the values µ = 600 MeV, 882 MeV and 1200 MeV.
4 Contribution of the four-quark condensates to polarization operator
The four quarks condensates are included already in the gas approximation. This provides
with s = 4m 2 , a = −(2π) 2 0|qq|0 ≈ 0.55GeV 3 . For symmetric matter the dimensionless parameters A g = −0.10, B g = 1.80 and C g = −0.88 where obtained in [20] .
Now we add the configurations in which two pairs of quark operators act on two different nucleons of the matter.
General expressions
The four-quark condensates are described by the matrix elements M|q 
with λ α standing for SU(3) color Gell-Mann matrices. The sixteen basic 4 × 4 matrices Γ X,Y acting on the Lorentz indices of the quark operators are
describing the scalar (S), pseudoscalar (P ), vector (V ), axial (A) and tensor (T ) cases correspondingly. We consider the configuration in which the diquark operatorsqΓ X q andqΓ Y q act on two different nucleons of the matter. The contribution of such configurations to the polarization operator is a linear combination of the terms
with |N the two-nucleon state. The factor
shows that the quark operators have the same color in each of the diquark operatorsqΓ X q and qΓ Y q. However the quark colors in these two diquark operators can not be the same. Note that one can present
In the case of four u quarks we find nonvanishing contributions for all combinations with X = Y . For the product of two u and two d quarks nonvanishing contributions come from X = Y = V , X = Y = A, and also from X = V , Y = S and X = A, Y = T [20] .
The scalar operator as well as the vector operator in the rest frame do not act on spin variables and the expectation values presented by Eq. (14) take the factorized form being proportional to the product N 1 |qΓ X q|N 1 N 2 |qΓ Y q|N 2 ρ 2 with the lower indices labeling two in-medium nucleons. The wave function which describes the nucleons N 1,2 should satisfy the Pauli principle. If both N 1,2 are protons or neutrons their wave function is spin-asymmetric and the two-nucleon state can have only one spin state with S = 0. If N 1 is a proton while N 2 is a neutron (or vise versa) the two nucleons form the state with the isospin projection T z = 0. It can be either isotope symmetric or the isotope antisymmetric state. In the former case there is only the spin asymmetric state with S = 0. In the latter case the state is spin symmetric and we have three spin states with S = 1. Since in symmetric nuclear matter the proton and neutron densities are ρ p = ρ n = ρ/2, we find
For the SS condensate Γ X = Γ Y = I, for the V V condensate Γ X = Γ Y = γ 0 (in the rest frame of the matter). For the V S condensate Γ X = γ 0 ,Γ Y = I. The expectation value of the vector operatorqγ µ q is just the number of the valence quarks in the nucleon n q . In the rest frame of the nucleon N|qγ µ q|N = n q δ µ0 . The scalar operatorūu +dd averaged over the state of free nucleon can be expressed in terms of the pion-nucleon sigma term σ N -see Eq. (3). As we shall see below these expectation values provide the most important contribution in symmetric nuclear matter. The pseudoscalar, axial and tensor operators depend on spin variables. The standard assumption is that the quantum numbers of nucleon are carried by the valence quarks. Since the spins of the quarks belonging to two nucleons composing the state |N are correlated, the matrix element presented by Eq. (14) does not take the simple form (16) . For example, in the AA channel with Γ X = γ µ γ 5 and Γ Y = γ ν γ 5 we find
instead of Eq. (16) . Here q v stands for the operators of the valence quarks, I is the unit 4 × 4 matrix. The upper indices 1, 2 of the Pauli matrices denotes that they act on the quarks of the nucleons 1 and 2 composing the state |N . In the case of 4u condensate the two u quarks from these nucleons form the state which is space and flavor symmetric and which is also color antisymmetric. Thus they compose the spin-triplet state with the eigen value of the operator σ (1) · σ (2) = 1. For 2u2d condensate the u and d quarks of each nucleon form the flavor antisymmetric state which is thus the spin singlet with σ (1) · σ (2) = −3. Similar expressions can be written for the T T and AT cases. There is no contribution from the P P channel since there is no pseudoscalar parameter of a single nucleon.
Now we obtain the contribution of four-quark condensates to polarization operator. Following [8] , [20] we present
Here (Π 0 ) 4q is the vacuum term, while
where 
with θ X = 1 if Γ X has a vector or tensor structure, while θ X = −1 in other cases. The trace on the RHS of the first equality in Eq. (21) obtains a nonzero value for all five structures listed in Eq. (13) if the matrices Γ X and Γ Y belong to the same channel. The trace on the RHS of the second equality does not vanish if both Γ X and Γ Y belong to the vector or axial channel. It has a nonzero value also if Γ X and Γ Y compose the V S and AT combinations. Operators of the quark fields act on two nucleons of the matter which are in the same space point. If the two nucleons have the same projection of isospin (i.e. both of them are neutrons or protons), they should form the spin-singlet state. They can compose isotriplet and spin singlet state or isosinglet and spin triplet state, if one of them is neutron while the other is proton. Introducing
h pn XY = p|ūΓ X u|p n|ūΓ Y u|n , and h np XY = h pn XY (p ↔ n) with ρ p,n the proton and neutron densities (ρ p + ρ n = ρ) we find for contribution of the 4u condensate
In similar way we find that for 2u2d condensate
where
Recall that since the Borel transform of the function 1/q 2 is −1 and does not depend on the Borel mass M 2 , the contributions of the four-quark condensates to the sum rules equations (6,7) also do not depend on M 2 .
Vector and scalar condensates
The 
and thus
and the contribution to the polarization operator given by Eq. (23) is for symmetric matter with ρ p = ρ n = ρ/2
The contribution to the left hand side of the sum rules presented by Eqs. (6,7) is thus
For 2u2d condensate
and for symmetric matter
Turn now to the scalar channel. Here only the 4u operator contributes. We find immediately that µ XX = −q/2. Due to isotopic invariance n|ūu|n = p|dd|p . Thus employing Eq. (24) we can present
with κ N determined by Eq. (3). HenceÃ
The 2u2d operator contributes also in the mixed V S channel.
Here
This providesB
The expectation value κ N is related to the pion-nucleon sigma-term σ N by Eq. (3). We obtain κ N ≈ 8 for σ N = 45 MeV. Simple quark counting predicts ζ N < ∼ 1. The experimental data on deep inelastic scattering provides ζ p −1 ≈ −0.15 [21] . Thus the second terms in brackets on the RHS of Eqs. (34) and (36) are not important. Hence the contributions calculated in this Subsection are expressed in terms of the observable nucleon sigma term σ N . The leading contribution comes from the SS channel.
Pseudoscalar, axial and tensor channels
Inclusion of these channels requires certain assumptions on the nucleon quark structure. The most general one is that the nucleon consists of the valence quarks and the sea of the quarkantiquary pairs in the spin singlet state. The nucleon quantum numbers are carried by the valence quarks. Since the operatorsqΓ X q (X = P, A, T ) are proportional to the quark spin operator, they act only on the valence quark of the nucleon. Assuming that the valence quarks are described by the single particle functions ψ q (r) we can write
with the sum over the quarks with the flavor q. The next assumption is that ψ q (r) is a solution of the Dirac equation in an external central field. This determines the form of the wave function
where the functions f 1,2 (r) do not contain angular dependence, n = r/r while χ is the Pauli spinor. Now we find immediately that there is no contribution from the pseudoscalar channel since d 3 rψ q (r)γ 5 ψ q (r) = 0. Also, in the axial and tensor channels d 3 rψ q (r)γ 0 γ 5 ψ q (r) = d 3 rψ q (r)σ 0i ψ q (r) = 0. Thus the contributions of the time component in the axial channel and of the space-time component in the tensor channel vanish as well.
For the space component of axial channel we obtain
Thus the matrix element contributing in AA channel takes the form given by Eq. (17) . In similar way we find for the tensor channel
In particular calculations we employ the relativistic quark model developed in [10] . In its version presented in [9] the valence quarks are described by the functions ψ u = ψ d = ψ with
in agreement with Eq. (38). Parameters of the model R = 0.6 fm and β = 0.39 are fitted to reproduce the values of the proton charge radius and of the axial coupling constant correspondingly. Factor N is determined by the normalization condition d 3 rψ(r)γ 0 ψ(r) = 1 expressing the conservation of the baryon charge. The treatment of sea quarks in the model suggested in [10] is not important for us.
Direct calculations provide for the contribution of 4u operator in the AA channel
The contribution to the left hand side of the sum rules presented by Eq. (7) is thus
Contribution of 2u2d operator in the AA channel is
Only the 4u operator contributes in the tensor T T channel
This providedÃ
The operator containing two u quarks and two d quarks contributes in the AT channel providing
leading to the contributionB
5 Solution of the sum rules equations
Now we solve the sum rules equations given by Eqs. (6,7) including the contributionsB Now we analyze how the values of the nucleon self energies at ρ = ρ 0 change after separate inclusion of the nonlinear scalar condensate (NSC) and of the four-quark condensates in various channels. The results are presented in Table 1 . Note that the contribution of the four-quark condensate in the P P channel vanishes. The separate contributions are not additive. This is mainly because the self energies are connected with the condensates by the nonlinear expressions given by Eq. (8) . Also the values for the continuum threshold W m are slightly different for different channels.
One can see that there are the contributions of the same order to the effective mass m * provided by the NSC and by the four-quark condensates in SS, V S and AT channels. The contributions of the four-quark condensates cancel to large extent. Thus the contribution to m * of the 3N forces can be viewed as caused mainly by the nonlinear scalar condensate. The NSC does not enter the second equality of Eq. (8) and does not provide a noticeable contribution to the vector self energy Σ V . The largest contribution to the latter is caused by the four-quark condensates in SS and V V channels. The density dependence of nucleon parameters is presented in Figs. 6 and 7. More detailed data in the vicinity of the density ρ 0 is given in Table 2 . One can see that the 3N forces provide negative contributions to both the nucleon mass m * and the vector self energy Σ V . Finally the 3N terms provide a negative contribution to the potential energy U < 0 thus increasing the value of |U|. The values of the nucleon pole residue λ We can make some predictions on the contributions of the 4N forces to the nucleon self energies. To obtain these contributions we must include the 3N forces between the nucleons of the matter in the termB 3 which is the ingredient of the function L I (M 2 , W 2 m ) in the first equality of Eq. (8) . This means that we need the value of σ ef f N with inclusion of the 3N forces of the matter to obtainB 3 . The function σ ef f N with inclusion of the 2N and the 3N interactions between the nucleons of the matter is found in [14] . We also need the scalar-scalar quark condensate in configuration where two pairs of quarks act on two different nucleons of the matter, since this condensate also depends on σ 
Summary
We obtained the contribution of the 3N forces to the nucleon characteristics in symmetric nuclear matter. The most important contributions are due to the nonlinear scalar condensate and to the four-quark condensates in the scalar-scalar and vector-vector channels with two diquark operators acting on two different nucleons of the matter. They are shown in the diagrams of Fig. 2 . The contributions are either expressed in terms of pion-nucleon sigma-term σ N or calculated in a model-independent way.
We found that the 4N forces are expected to add about 100 MeV to the proton effective mass m * . They are expected to provide only small contribution to the vector self energy Σ V . However, the detailed analysis of the contribution of 4N forces is beyond the scope of the present paper. It is rather the subject of future work. 
